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SUMMARY 

1.  A formulation  for  enhancing  the  bioavailability  and  chemo- 

therapeutic activity  of  an  antischistosomal  nitrovinylf uran 
has  been  developed.  

2.  In  collaboration  with.Drs.  Michael  Cary  and  David  Henry — - 

(Stanford  Research  Institute , structure  - antischistosomal 

activity  relationship  were  investigating  using  over  100  newly 
synthesized  compounds  belonging  to  a single  class,  i.e.,  nitro- 
vinylf urans  . 

3.  ' Mutagenic  and  antischistosomal  activities  have  been  dissociate 
from  hycanthone  by  suitable  structural terations . (Recently,  two 
of  the  compounds  ,'-d  IA-3  and  IA-4  Oxide  , developed  by  us  under 
this  contract,  have  been  investigated  further  at  WRAMRI  and 
found  highly  effective  in  the  treatment  of  primates  infected 
with  Schistosoma  mansoni . 

4.  Three  metabolites  of  the  most  effective  and  least  toxic 
antischistosomal  hycanthone  analog  have  been  isolated  and  iden- 
tified as  the  aldehyde,  the  desethyl  aldehyde  and  the  desethyl 
derivatives . 

5.  The  mutagenic  activities  of  five  antischistosomal  compounds 
have  been  determined  and  compared  with  each  other.  Three  differ- 
ent^^rocedures , one  direct  and  two  host  mediated  systems  were 
used.“">Hycanthone  was  found  to  have  kg  for  the  highest  mutagenic 
activity.  The  mutagenic  activities  of  metrifonate,  IA-4, 
oxamniquine  and  of  IA-4  N-oxide  were  several  orders  of  magni- 
tude lower  although  schistosomicidal  activities  were  approxi- 
mately the  same.  Hence,  structural  modifications  of  the 
hycanthone  molecule  have  reduced  markedly  mutagenic  properties 
while  desired  chemotherapeutic  activities  have  been  maintained. 

6.  Genetically  transferred  resistance  to  the  antischistosomal 

drug  hycanthone  can  be  produced  in  some  strains  of  Schistosoma 
mansoni.! a)  by  administration  of  the  drug  to  hosts  of  adult 
schisto^mes  (Type  l),  (b)  by  exposure  of  immature  schistosomes 

to  the  drug  within  their  host,  27  to  30  days  after  infection 
with  cercariae  (Type  II),  and  (c)  by  infection  of  the  host 
with  one  sex  of  cercariae  followed  by  infection  with  the 
opposite  sex  13  to  133  days  thereafter  (Type  III). 


1.  Attempts  to  develop  formulations  designed  to  increase  the  effective- 
ness of  SQ  18,  506. 


Previous  studies  have  shown  that  two  methods  enhance  considerably  the 
bioavailability  of  SQ  18,  506:  (a)  reduction  of  the  particle  size  below 
4 microns  (surface  diameter)  by  ball-milling  the  compound  in  25%  glycerol 
containing  a low  concentration  of  a non-ionic  detergent  ("Cremophor  El”) 
for  two  weeks;  (b)  emulsification  of  this  ball-milled  preparation  with  a 
related  non-ionic  detergent  ("Cremophor  RH-40"). 

We  have  developed  a new  milling  procedure  which  involves  high  speed 
grinding  with  sucrose  crystals  as  an  abrasive.  This  technique  provides 
equivalent  results  with  processing  times  of  hours  rather  than  weeks. 
Further  testing  is  required  to  determine  whether  this  new  method  can  yield 
a particle  size  even  more  effective  than  the  ball-milled  product. 

Previous  observations  suggested  that  conditions  favoring  the  reduction  by 
the  host  of  the  nitro  group  of  SQ  18,  506  to  a nitroso  or  hydroxylamino 
derivative  enhances  the  antischistos omal  activity  of  orally  administered 
SQ  18,  506.  Therefore,  an  attempt  was  made  to  determine  whether  a 
simultaneous  supply  to  the  host  of  reducing  equivalents  might  not  increase 
this  reduction.  Two  sulfhydryl  compounds  - glutathione  and  crysteamine  - 
were  tested.  As  shown  in  Table  I , pretreatment  with,  and  coadministration 
of,  thesq  sulfhydryl  compounds  indeed  increased  significantly  the  anti- 
schistosomal  effectiveness  of  SQ  18,  506  in  vivo. 
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TABLE  I 


Effect  of  pretreatment  with,  and  coadministration 
of,  SH  compounds  on  the  antis chistosomal 
activity  of  SQ  18,  506  in  mice  infected 
with  S.  mans oni 


3 doses  of  SQ  18,  506  (ball  milled  and  suspended  in  20%  Cremophor 
RH-40)  were  administered  by  gastric  intubation  at  intervals  of  8 and 
16  hours.  SH  compounds  were  administered  parenterally  16  hrs  prior 
to  the  first  dose  of  SQ  18,  506  and  then  simultaneously  with  this  compound. 


Expt. 

#. 

Unit  dose 
of  SQ  18,  506 

mg /kg 

SH 

compd. 

Dose  of 
SH  compd. 
mg /kg 

# of 
mice 

% 

reduction  in 
worm  numbers 

% 

piarasito 

cures 

— 

— 

14 

89 

50 

1 

180 

glutathione 

4x400  i.  p. 

15 

100 

100 

— 

14 

68 

14 

2 

170 

cysteamine 

4x180  i.  m. 

15 

98 

87 

— 

— 

16 

63 

12.  5 

3 

160 

glutathione 

4x400  i.  p. 

15 

100 

100 

— 

— 

13 

48 

0 

4 

145 

glutathione 

4x400  i.  p. 

14 

84 

43 

— 

— 

15 

0 

0 

5 

130 

cysteamine 

4x180  i.  m. 

16 

73 

12.  5 

Z.  Antischistosomal  activity  of  other  nitr ovinylfurans 

On  the  basis  of  the  structural  and  conformational  features  common  to  those 
nitrofurans  which  exhibit  schistosomicidal  properties,  a collaborative  effort 
with  Dr.  David  Henry  and  Michael  Cory  of  the  Stanford  Research  Institute 
was  established.  This  project  consisted  in  the  design,  synthesis  and  biolog- 
ical evaluation  of  over  100  nitrovinylfuranes  and  related  compounds.  These 
studies  led  to  further  elucidation  of  those  structural  features  favorable  to 
antischistosomal  activity.  The  results  of  these  studies  are  reported  in 
Table  II. 


Si'iort  term  effects 


Short  term  effects  ';0"'3 

(4  to  S weelis  «tit 

days  after  last  dose)  dose) 


Table  II  - continued 


Table  II  -^continued 


Short  term  effects  Long  term  effect 


Short  term  effects  Long  term  effect 


Short  ter*  effect*  tong  tern  effect 

(3  day*  after  last  dose)  (4  to  5 weeks  after 

last  dose) 
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Short  term  sffecto  Long  tern  effect 

(3  <laya  after  last  dose)  (ii  to  5 weeks  after 

last  dose) 


Tabic  II  - continued 


Short  term  effects  Long  term  effect 


Table  II  - continued 


Table  II  - continued 


reduction  Hepatic  reduction 
of  shift  In  it  of 

Elycogen  v.'or.Tis 

levels 


Table  II  - continued 


Table  II  - continued' 


Short  term  effect  Long  term  effect 

(3  days  after  last  dose)  (4  to  5 v/eeks  after 

last  dose 


Talilo  11  - continued 
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Since  many  nitroheterocyc lie  compounds  have  been  reported  to  be  mutagenic 
and  carcinogenic  (Cohen  et  al.  , J.  Natl.  Cancer  Inst.  403,  1973,  Yahagi 
et  al.  , Cancer  Research  34,  2266,  1974)  the  mutagenic  activities  of  those 
nitrovinylfuranes  that  had  marked  antischistosomal  properties  were  deter- 
mined, according  to  Ames  et  al.  , (Mut.  Res.  347,  1975),  using  Salmonella 
typhimu rium  strain  TA98  and  TAIOO  without  and  with  an  added  rat  liver 
microsomal  fraction  (Sq).  All  compounds  proved  mutagenic.  Nitrovinyl- 
furanes with  an  imidazole  substituent  exhibited  the  lowest  activity,  yet 
even  within  this  group  significant  mutagenic  effects  were  detected,  with 
one  Salmonella  strain  (TAIOO)  while  there  was  little  or  no  mutagenic  activity 
with  another  strain,  TA98  (Table  III). 

TABLE  III 

Mutagenic  activities  of  three  antischistosomal 
nitrovinylfuranes  with  imidazole  substituents 


Compound  moles 

per  plate 

Number  of  revertants  in 
of  controls 

TA- 

without 

SQ 

■98 
w ith 

SQ 

TA- 

without 

SQ 

100 

with 

SQ 

5 

1 

0 

12(2.  4) 

(1.4) 

H-36(SQ0853)=!=  15 

3 

2 

38(2.  55) 

23(1.7) 

50 

5 

0 

114(2.  3) 

80(1.  6) 

5 

2 

0 

16(3.  2) 

13(2.  6) 

H-59(SQ1101)*  15 

5 

3 

50(3. 3) 

42(2.  7) 

50 

11 

5 

152(3.  0) 

117(2.  3) 

0.  05 

0 

3 

8(160) 

57(1,  140) 

H-10l(SQ1477)*  0.15 

2 

7 

23(146) 

156(1,  040) 

0.  50 

0 

12  : 

74(148) 

550(1,  100) 

*See  Table  II  for  structural  and  b ological  properties  of  this  compound. 
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3 . Dissociation  of  antischistosomal  from  mutagenic  activity  of  hycanthone 
analogs 

As  reported  previously,  two  chlor oindazole  analogs  of  hycanthone,  a widely 
used  antischistosomal  drug,  have  been  shown  to  have  little  or  no  mutagenic 
activity.  In  contrast  to  hycanthone,  these  compounds  failed  to  exhibit  hepa- 
toxic  and  malignant  cell-transforming  activities.  Their  acute  toxicity  is 
5 to  10  times  lower  than  that  of  hycanthone.  Further  studies  of  the  anti- 
schistosomal activity  of  these  two  compounds  showed  that  they  are  more 
active  than  hycanthone  when  administered  as  a single  oral  dose  to  mice 
infected  with  Schistos oma  mans oni  . (Table  IV) 


TABLE  IV 


Antischistosomal  activities  of  two  chloroindazole 
thioxanthenes  administered  as  a single  oral  dose 
(gastric  intubation)  to  mice  infected  with 
Schistosoma  mans  oni 


X 

Single  oral 
dose 
mg/kg 

Number 

of 

mice 

% 

reduction 
in  number 
of  worms 

7c 

paras  itol. 
cures 

7c 

of  mice 
without 
hatching 
eggs 

160 

u 

97 

64 

32 

CH, 

80 

13 

67 

0 

69 

160 

14 

100 

100 

100 

CH7OH 

so 

12 

98 

32 

100 

160 

11 

33 

0 

.27 

Hycan- 

thone 

30 

12 

66 

0 

q 
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Since  the  N -oxide  derivative  of  hycanthone  had  10  times  Lower  mutagenic 
activity  than  hycanthone  itself,  the  N -oxide  derivatives  of  the  two  chloro- 
indazole  derivatives  have  been  prepared. 

N-oxidation  of  the  distal  amino  group  resulted  in  a marked  reduction  in 
mutagenicity.  In  the  case  of  the  N -oxide  of  IA-4  both  mutagenicity  and 
acute  toxicity  was  reduced  significantly,  while  antischistosomal  activity 
was  unchanged.  Accordingly,  the  chemotherapeutic  index  of  IA-4  N-oxide 
is  more  than  12  times  higher  than  that  of  hycanthone  (Table  V). 


TABLE  V 


Comparative  antischistosomal  and  toxicological 
properties  ol  two  chloroindazole  hycanthone  analogs 
and  of  their  N-oxide  derivatives 


C ompound 

ED50 
mg /kg 

LD50 
mg /kg 

Compa  rative 
mutagenic 
activity *) **)  ***) 

LD5O 

ED50 

Hycanthone 

30 

250 

100 

3.  3 

IA-3 

60 

2,  500 

5.  2 

41 . 5 

LA-3  N-oxide 

15 

700 

0.  4 

47 

IA-4 

30 

1,  250 

7.4 

42 

IA-4  N-oxide 

30 

3,  500 

1.  5 

117 

*)  Single  i.  m.  dose  producing  50'’'r  reduction  in  the  number  of  worms 
in  mice  infected  with  Schistosoma  mansoni. 

**)  Median  single  i.  m.  lethal  dose  for  mice. 

of  mutant  colonies  of  a Salmonella  strain  TA  1538  induced  by  the 
same  concentration  of  hycanthone  (0.  025  uM/ml.  ) 
Chemotherapeutic  index. 


iMlfa 


•«•»*«. -^v<iCV 


r 
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As  in  the  case  of  IA-4,  IA-4  N-oxicle  is  equally  active  when  administered 
orally  or  intramuscularly.  A well-tolerated  oral  preparation  of  an  anti- 
schistosomal  drug  would  be  preferable  to  a parenterally  administered 
formulation  not  only  because  of  its  reduced  cost  but  also  because  of  toxi- 
cological considerations.  Analysis  of  the  muscular  site  in  mice  that  had 
been  injected  with  hycanthone  revealed  the  presence  of  a number  of  prod- 
ucts that  persisted  for  at  lease  3 months  in  this  tissue.  The  quantity  of  these 
materials  gradually  decreased  over  this  time  period,  indicating  either  a slow 
destruction  or  release  into  the  general  circulation.  Several  separate  com- 
ponents of  this  depot  are  recognizable  by  thin-layer  chromatography  of  the 
extracted  depot.  None  of  the  components  was  identical  with  hycanthone; 
one  has  been  identified  as  the  dimer  of  hycanthone;  and  the  mutagenic 
activity  of  another  was  3 times  as  high  as  that  of  hycanthone.  Slow  release 
of  such  a component  might  be  related  to  the  hepatocarcinogenic  effect  of 
hycanthone  in  mice  infected  with  Schistosoma  mansoni  (Haese  et  al.  , 

J.  Pharm.  E.xp.  Ther.  , 136,  430,  1973). 


Thioxanthenes  have  been  considered  to  have  no  antis chistos omal  prophylactic 
activities.  Therefore,  it  is  noteworthy  that  high  doses  of  IA-4  N-oxide  are 
effective  in  eliminating  the  development  of  the  infection  when  administered  one 
hour  prior  to,  or  one  day  after,  exposure  of  mice  to  cercariae  (Table  VI). 


1 


TABLE  VI 


Prophylactic  effects 

of  single 

dose  of  lA- 

-4  N -oxide  in 

mice 

exposed  to  100  cercariae  1 hour 

after  or  one  day  before 

treatment. 

The  nu 

mber  of  adult  worms  are 

de  te  rmine 

d by  autopsy 

of  the  mice 

60  days  afte 

r infection  with  cercariae. 

Time  of 

Number  of 

Dose 

Route 

% reduction 

?r  of  mice 

treat  ment 

treated 

mg /kg 

in  number 

without  worms 

mice 

of  worms 

14 

400 

i.  m. 

100 

100 

1 hr  prior 

12 

400 

oral 

100 

100 

to  exposure 

11 

200 

i.  m. 

100 

100 

to  cercariae 

14' 

150 

i.  m. 

96 

35 

15 

150 

oral 

98 

37 

9 

80 

i.  m. 

13 

11 

12 

400 

i,  m. 

100 

100 

24  hrs  after 

16 

200 

i,  m. 

QQ 

38 

e.xposure  to 

15 

200 

oral 

100 

100 

cercariae 

16 

150 

i.  m. 

94 

75 

17 

150 

i.  m. 

^0 

7 1 

12 

80 

i.  m. 

52 

50 
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4 , Metabolism  of  IA-4  and  of  IA-4  N-oxide 

An  effort  has  been  made  to  trace  the  metabolic  fats  of  two  hycanthone 
analogs,  the  chloroindazoles  IA-4  and  IA-4  N-oxide. 

A system,  was  developed  for  solvent  extraction  of  IA-4  and  of  its  meta- 
bolites from  tissues.  The  method  consists  of  homogenizing  the  tissue  in 
four  volumes  of  borato  buffer  (pH  9.4)  in  a glass  homogenizer,  adding 
10  volumes  of  a solvent  mixture  (25%  cidhloromethane  and  75%  butyl 
chloride)  and  mix  with  shaking  for  30  minutes.  After  low  speed  centri- 
fugation (500  rpm  for  5 minutes)  the  organic  phase  is  removed  with  a 
pipette.  When  the  phases  don't  separate  well,  re -extraction  will  improve 
the  yield  of  the  solvent  phase. 

When  IA-4  is  added  prior  to  homogenization  it  can  be  recovered 
quantitatively. 

If  it  is  necessary  to  remove  lipid  contaminants,  the  aqueous  homo- 
genate can  be  extracted  with  hexane  prior  to  the  chlorinated  hydrocarbon 
extraction.  Apparently,  hexane  was  not  to  remove  any  drug-related 
material. 

After  administration  of  IA-4  to  mice  the  livers  of  these  animals 
contain  large  amounts  of  three  metabolites  and  smaller  amounts  of  at 
least  two  others.  High  pressure  liquid  chromatography  using  a pellicular 
silica  column  (2.  7mm  X 50  cm  packed  with  Vydac  approx.  30u)  and  a 
mi.xture  of  methanol  and  dichlor omethane  (1.  5%  to  10.  5%  methanol  in  a 
linear  gradient  for  15  ml  at  2 ml/min)  as  eluent  has  proved  quite  efficient 
for  separation  and  analysis  of  this  mixture.  The  extract  is  reduced  in 
volume  by  evaporation  under  N2  and  the  concentrated  e.xtract  is  injected 
on  the  column  5 ul  to  25  ul  at  a time.  Since  these  metabolites  degrade 
readily  to  very  polar  products  on  exposure  to  air  it  is  important  not  to 
dry  the  sample  completely.  In  fact,  any  concentrated  extract  must  be 
diluted  for  storage.  Samples  stored  even  in  low  concentrations  at  4°  C 
or  at  -3  5°C  are  not  stable  for  more  than  a few  days. 

The  chromatography  of  extracts  of  tissues  and  worms  from.  IA-4 
treated  mice  readily  reveals  the  drug  and  three  metabolites.  These  have 
been  isolated  and  m.ass  spectra  consistent  with  the  following  structures 
were  obtained. 
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L' 


Metabolites  of  IA-4  and  of  IA-4  N-oxide  in  mice 
N N'CHo’C 


A 

B 

C 


Desethyl  IA-4 
Desethyl  IA-4  aldehyde 
IA-4  aldehyde 


T 

R- 


CH2OH 

CHO 

CHO 


R. 


H 

H 

CH2.  CH3 


Two  and  a half  hours  after  oral  administration  of  375  mg/kg  of  IA-4  all 
metabolites  in  the  liver  reach  this  highest  level.  Thereafter,  the  levels 
gradually  decline  with  small  amounts  remaining  even  after  20  hours. 

The  level  of  the  parent  compound  is  maximal  after  about  4 hours.  At 
maximal  level,  metabolite  A reaches  about  120  ug/g  of  tissue  (wet  weight), 
metabolite  B 100  ug/g  and  C is  present  at  about  20  ug/g.  The  IA-4  itself 
reaches  a level  of  about  40  ug/g.  Other  tissues,  in  particular  peripheral 
blood,  heart  kidney  and  spleen,  yield  measurable  amounts  of  these  meta- 
bolites. The  relative  amounts  of  each  metabolite  and  the  time  course  of 
the  levels  in  these  tissues  were  similar  to  those  in  the  liver  while  the 
actual  concentrations  are  approximately  an  order  of  magnitude  lower. 

Although  the  levels  of  metabolites.  A,  B and  C are  very  low  (in 
the  order  of  2 ug/g)  in  mouse  blood,  this  low  level  decays  slowly. 

(Half  life  20  hours)  Only  traces  are  found  in  the  serum  fraction, 
the  cells  containing  nearly  the  entire  amount  present  in  blood.  It  would 
thus  appear  that  IA-4  and  its  metabolites  are  taken  up  by  the  worms  as 
a consequence  of  their  ingestion  of  red  blood  cells. 

Using  a slightly  different  extraction  techniques,  liver  tissue  yielded 
another  component  which  is  characterized  by  relatively  high  polarity. 

This  component  P fails  to  migrate  on  TLC  developed  with  75%  methanol/25% 
dichloromethane.  Component  P contains  at  least  2 different  metabolites 
which  so  far  have  not  been  resolved. 

The  antischistosomal  effectiveness  of  IA-4  N-oxide  is  equal  to  that 
of  IA-4,  while  it  has  much  lower  metagenic  activity  than  lA-4.  When 
the  same  dose  of  IA-4  N-oxide  (375  mg/kg)  was  administered  to  mice, 
the  same  metabolites  A,  3.  and  C in  the  same  absolute  as  well  as  relative 
amounts  were  found  in  the  liver  and  the  level  versus  time  course  was 
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similar.  However,  neither  IA-4  N-oxide  nor  IA-4  itself  could  be  detected. 
Another  difference  was  a much  reduced  level  of  component  P when  IA-4 
N-oxide  was  administered.  The  lower  mutagenic  activity  of  IA-4  N-oxide 
suggests  that  component  P may  be  responsible  for  the  mutagenic  activity. 

Studies  of  the  metabolic  products  of  IA-4  were  extended  to  their 
determination  in  both  male  and  female  schistosomes  following  oral  admin- 
istration of  IA-4  to  the  host.  While  maximal  levels  in  host  tissues  were 
reached  after  2-1/2  hours,  the  levels  of  the  drug  and  the  three  metabolites 
were  still  rising  in  the  worms  after  16  hours.  Maximal  levels  were  found 
about  42  hours  after  oral  administration  of  IA-4.  These  levels  reached 
levels  which,  on  a per  gram  basis,  were  much  higher  than  any  observed 
in  the  host.  For  e.xample,  the  diethyl  IA-4  aldehyde  in  female  worms 
averaged  430  ug/g.  High  levels  remained  even  after  96  hours. 

On  the  other  hand,  the  relative  amounts  of  the  drug  and  its  metabolites 
were  similar  in  host  and  parasite  tissues,  both  diethyl  compounds  being 
10  to  20  times  more  abundant  than  the  drug  or  its  aldehyde.  When  IA-4 
N-oxide  was  administered  to  the  host,  no  trace  of  IA-4  or  the  N-oxide 
could  be  found  in  the  worms  although  metabolites  A,  B and  C were  present 
at  levels  similar  to  those  found  after  the  same  dose  IA-4.  Since  the 
parent  compounds  have  little  effect  on  the  worms  in  vitro  , one  of  these 
compounds  might  be  the  active  antischistos omal  metabolite. 

There  were  no  significant  differences  in  the  concentrations  of  IA-4 
or  of  its  metabolites  in  hycanthone— susceptible  and  hycanthone -res istant 
schistosomes.  Since  the  latter  are  completely  cross -resistant  to  IA-4, 
this  type  of  drug  resistance  cannot  be  ascribed  to  difference  in  the  uptake 
of  the  drug  and  of  its  metabolites  between  hycanthone -susceptible  and 
hycanthone  - res  is tant  s chis tosomes  . 
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5.  Mutagenic  activities  in  vitro  and  in  vivo  of  5 antischistosomal  compounds 

Five  antischistosomal  compounds  - hycanthone,  two  of  its  chloro- 
indazole  analogs  (IA-4  and  IA-4  N-oxide),  oxamniquine,  and  metrifonate  - 
were  tested  for  mutagenic  activity,  using  Salmonella  typhimurium  strains 
TA  98  and  TA  100  under  in  vitro  and  in  vivo  (host-mediated)  conditions. 

In  all  assay  systems  hycanthone  exhibited  for  far  the  highest  mutagenic 
potency.  Although  oxamniquine  and  metrifonate  had  low  mutagenic  activity 
in  vitro  , and  although  their  administration  resulted  in  urine  of  low  mutagenic 
activity,  their  host-mediated  mutagenic  activities  on  strain  TA  100  were 
fairly  high.  Confirming  earlier  studies  with  a less  sensitive  Salmonella 
strain,  TA  1535  (Hartman  et  al.  , 1975,  Hulbert  et  al.  , 1974),  IA-4  N-oxide 
was  found  to  be  less  mutagenic  than  IA-4.  Orally  administered  IA-4  and 
IA-4  N-oxide  were  less  mutagenic  under  in  vivo  conditions  than  an  equal 
dose  administered  intramuscularly.  By  contrast,  the  antischistosomal 
activity  of  a given  dose  of  each  compound  was  the  same,  regardless  of 
which  of  these  two  routes  was  used,  suggesting  that  mutagenic  and  anti- 
schistosomal effects  are  produced  by  different  metabolites.  The  observa- 
tions reported  in  this  report  provide  additional  evidence  that  mutagenic 
activities  can  be  dissociated  from  desired  chemotherapeutic  effects  by 
suitable  structural  modifications. 

McCann _e^^  , (197  5)  and  McCann  and  Ames  (1976)  have  shown  that 
most  known  carcinogenic  compounds  exhibit  mutagenic  effects  on  certain 
strains  of  S.  typhimurium.  Conversely,  few  com.pounds  found  to  be  non- 
carcinogenic  exhibited  mutagenic  activity.  Because  of  this  close  correla- 
tion the  results  of  mutagenic  assays  provide  a high  degree  of  probability 
in  predicting  carcinogenic  activity.  While  bacteria  lack  many  enzymes 
catalyzing  the  metabolism  of  drugs  in  mammals,  carcinogenic  metabolites 
can  be  detected  (a)  by  adding  liver  micros omes  in  vitro  to  the  bacteria 
incubated  with  the  test  substance  (Ames_e^aU,  1973,  1975;  Mailing,  1971), 

(b)  by  the  incubation  of  bacteria  in  the  peritoneal  cavity  of  animals  to  which 
the  test  substance  has  been  administered  (Legator  and  Mailing,  1971),  or 

(c)  by  determination  of  the  mutagenic  activity  of  the  urine  of  these  animals 
(Gabridge  ^ , 1969:  Commoner  _e^  ^ , 1974;  Durston  and  Ames,  1974). 

Approximately  ZOO  million  human  subjects  are  infected  with  schisto- 
somiasis. With  a population  of  this  magnitude,  the  need  for  an  evaluation 
of  the  mutagenic  and  carcinogenic  potential  of  available  antischistosomal 
drugs  is  evident.  During  the  past  6 years  over  one  million  human  subjects 
infected  with  Schistosoma  mansoni  and  Schistosoma  hematobium  have  been 
treated  with  the  thioxanthcne  derivative  hycanthone.  This  drug  is  a potent 
mutagen  in  submammalian  and  mammalian  cells  (Clive,  1974;  Clive  _e^  ad.  , 
197Z;  Green_e^aj_.,  1973a;  Green  _e^  aL  , 1973b;  Hartm.an  et  al.  , 1973: 

Hartman  et  al.  , 1975;  Hartman_e^^,  1971;  Knaap  and  Kramers , 1973; 

Lee,  1973;  von  Borstel  and  Quah,  1973;  for  a review,  see  Hartman  and 


t Hulbert,  1975)  and  has  been  recommended  as  a reference  compound  for 

: a variety  of  mutagenic  assay  systems  (Drake,  1975).  In  addition, 

; hycanthone  has  been  reported  to  be  teratogenic  (Moore,  1972),  to  induce 

i malignant  transformations  (Hetrick  and  Kos,  1973),  breaks  indouble- 

' stranded  DNA  (Sarma_et  ^ , 1976),  and  hepatocarcinomas  in  mice  infected 

^ with  Schistosoma  mans oni  (Haese  et  al.  , 1973;  Haese  and  Bueding,  1976). 

While  there  is  some  evidence  that  in  a variety  of  systems  mutagenic 
activities  of  other  antischistosomal  compounds  are  lower  than  those  of 
hycanthone  (Clive,  1974;  Hartman aL.  , 1973;  Hartman _et  ah  , 1975; 
Hulbert_e^^,  1974;  Kramers  and  Knaap,  197  5;  Meadows  _e^  ^ , 1973; 
Ray_e^^  , 1975;  von  Borstel  and  Quah,  1973),  a more  detailed  comparison 
using  two  sensitive  tester  strains,  under  both  in  vitro  and  in  vivo  condi- 
tions,  would  provide  an  evaluation  of  the  mutagenic  and  carcinogenic 
potential  of  each  of  these  compounds.  Using  ^ typhimurium  strains 
TA  98  and  TA  100  developed  by  Ames  et  al.  , (197  5)  the  mutagenic  activi- 
ties of  five  antischistosomal  drugs,  hycanthone,  oxamniquine,  metrifonate, 
IA-4  and  LA-4  N-oxide  (structures  in  Fig.  1),  under  in  vitro  and  in  vivo 
(host-mediated)  conditions,  have  been  determined.  Duri  ng  the  past 
3 years  the  effectiveness  of  the  organic  phosphorus  compound  metri- 
fonate in  the  treatment  of  infections  caused  by  Schistosoma  hematobium 
has  been  reported  (Davis  and  Bailey,  1969;  Forsyth  and  Rashid,  1967; 

Gentilini  _e^  aL  , 1973;  Hanna  et  al.  , 1966;  Niemandt  and  Murahwa,  1975; 
Reddy_e]^^,  1975).  More  recently,  a number  of  clinical  investigations 
have  revealed  that  orally  administered  oxamniquine  is  as  effective  as 
intramuscularly  injected  hycanthone  in  infections  produced  by  Schisto- 
soma mans  oni  (Blair  and  Weber,  1975;  da  Silva  et  al.  , 1974;  da  Silva 
, 197 5;  Katz  _e^  ^ , 1976;  Koura  ^ , 197 5 ; Ongom  _e^  ^ , 1975; 
Siongok_et  aU  , 1975).  The  antischistosomal  activities  in  mice  of  IA-4 
and  IA-4  N-oxide,  two  chlor oindazole  analogs  of  hycanthone,  are  similar 
to  that  of  the  latter  (Blair  and  Weber,  1975;  Bueding,  1975;  Hulbert  et  al.  , 
1974),  but  their  mutagenic  and  other  toxic  properties  are  considerably 
lower  (Bueding,  1975;  Bueding  _et  , 1973;  Clive,  1974;  Haese  et  al.  , 

1973;  Haese  and  Bueding,  1976;  Hartman _e^  al.  , 1973;  Hartman  and  Hulbert, 
1975;  Hartman  et  al.  , 197 5;  Hetrick  and  Kos , 1973  ; Hulbert  _et^  ^ , 1974; 
i Kramers  and  Knaap,  197 5;  Lucier  _e^  aj^  , 1973  ; Meadows  _et  aU  , 1973; 

; • Sauro  and  Green,  1973;  von  Borstel  and  Quah,  1973). 

S.  typhimurium  cultures  of  TAIOO  and  TA98  (McCann  et  al.  , 197  5b) 
were  obtained  from  Dr.  Bruce  Ames  and  from  Dr.  Philip  E.  Hartman. 

These  cultures  were  reisolated  fortnightly  on  nutrient  agar  plates  (Difco) 

1 containing  30  ugm  ampicillin.  The  isolates  were  checked  for  sensitivity 

I to  UV  light,  toxic  effects  of  crystal  violet  and  mutagenic  effects  of  hycan- 

j thone,  and  were  stored  in  tightly  capped  half-dram  vials  at  -80°C  in  DMSO 

I nutrient  broth.  Multiple  samples  were  made  of  each  culture  and  each  vial 

I was  discarded  after  a single  use.  All  assays  were  performed  with  an  over- 

I night  culture  of  reisolated  strains  grown  in  double  strength  nutrient  broth 

(16  gm  Difco  Nutrient  Broth  and  3 gm  NaCl  per  liter).  Cultures  were  kept 
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at  4°C  until  used.  All  assays  were  run  with  standards  to  check  background 
nutation  rates,  bacterial  population  size  and  sensitivity  to  mutations  in  the 
presence  of  hycanthone  (ug  per  ml).  All  assays  were  run  on  Vogel-Bonner 
E agar  medium  (Vogel  and  Bonner,  1956)  supplemented  with  2.  5%  nutrient 
broth,  I'^'c  glucose  and  2mM  biotin. 

Ii;  vitro  assays 

The  growth  inhibitory  activity  of  each  drug  was  determined  by  growing 
Salmonella  TAIOO  on  agar  plates  in  the  presence  of  added  6 mM  histidine  with 
varying  concentrations  of  the  compound.  The  percentage  survival  was  deter- 
mined after  incubation  at  37°C  for  43  hours.  In  the  subsequent  in  vitro 
mutagenic  assays,  the  maximal  concentration  used  did  not  exceed  the  one 
producing  10%  growth  inhibition.  Three,  ten,  and,  whenever  indicated, 
thirty  times  lower  concentrations  were  used  also. 

Mutagenic  assays  were  carried  out  with  and  without  added  S9  (micro- 
somal) fractions  of  phenobarbital  treated  rats  as  described  by  Ames  et  al.  , 
(1973,  1975).  With  the  compounds  used  in  this  study  metabolic  activation 
with  phenobarbital  induction  was  either  equal  to,  or  greater  than,  that 
observed  with  Aroclor -induced  microsomes.  All  drugs  were  dissolved 
initially  in  DMSO.  The  final  DMSO  concentration  of  control  and  drug- 
containing  plates  was  adjusted  to  0.  I ml  per  15  ml  of  medium.  Plates 
were  counted  after  48  hrs. 

Host -mediated  assays 


Host-mediated  assays  were  performed  by  methods  similar  to  those 
described  by  Legator  and  Mailing  (1971).  Overnight  bacterial  cultures 
were  diluted  4-fold  with  2X  nutrient  broth  and  were  reincubated  at  37°C 
for  2 hours.  Two  hours  prior  to  administration  of  the  bacteria,  drugs 
were  administered,  either  by  gastric  intubation  or  intramuscularly. 

Five  6-  to  3-week-old  female  mice  (mixed  Swiss -Webster,  CF-1,  Charles 
River)  were  used  for  each  dose  level.  2 ml  of  the  culture  was  injected 
intraperitoneally.  After  6 hrs  the  bacteria  were  retrieved  from  the 
peritoneal  cavity  by  the  injection  and  removal  of  2 ml  of  0.  35%  NaCl. 
These  e.xudates  were  plated  to  determine  the  number  of  revertants  and 
a 1:10  (Clive,  1974)  serial  dilution  was  plated  with  0.  2 ml  added  nutrient 
broth  to  determine  the  number  of  viable  bacteria.  Plates  were  counted 
after  43  hrs  of  incubation  at  37°C  and  results  were  expressed  in  terms  of 
revertants  per  million  bacteria. 

U rine  analysis 


Five  female  mice  were  placed  into  a metabolism  cage  and  control 
urines  were  collected  on  ice  for  24  hours.  These  animals  were  then 
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treated  with  a given  drug  and  urine  was  collected  in  refrigerated  containers 
for  the  two  subsequent  24-hour  periods.  The  volume  of  the  urine  was 
measured  and  the  urine  was  stored  at  -80°C  until  assayed. 


j Urine  specimens  were  thawed,  centrifuged  at  10,  000  X g for  15  min. 

and  sterilized  by  filtration  through  a . 22  um  Millipore  filter.  Effects 
of  0.  1 and  0.  25  ml  aliquot  were  tested  on  strains  TA98  and  TAIOO  with  and 
without  added  S9  microsomal  fraction.  Plates  were  counted  after  incuba- 
tion at  37°C  for  48  hours.  The  dose  response  at  these  two  urine  concentra- 
tions was  used  to  calculate  the  number  of  revertants  induced  by  the  total 
volume  of  urine  excreted  in  24  hours.  In  order  to  determine  whether  some 
mutagens  were  present  as  inactive  urinary  glucuronate  or  sulfate  con- 
jugates, aliquots  of  the  mouse  urines  were  incubated  for  3 hrs  at  37  C 
and  pH  4 with  beta-glucuronidase  (12.  5 m U per  ml  urine)  - arylsulfatase 
(6.  25  m U per  ml  urine)  (Boehr inger ).  Aliquots  of  this  mixture  were 
tested  after  adjustment  to  pH  7 in  the  absence  and  the  presence  of  the 
S9  fraction. 


Antis chistosomal  activities 


Antis chistosomal  activities  of  hycanthone  and  of  its  two  chloro- 
indazole  analogs  (LA-4  and  lA-4  N-oxide)  were  determined  and  expressed 
as  previously  described  (Bueding  _e^  a_U  , 1973). 

Antischistosomal  compounds 

Hycanthone  was  kindly  supplied  by  Dr.  S.  Archer,  metrifonate 
by  Dr.  R.  Gonnert,  oxamniquine  by  Dr.  R.  Foster,  and  LA-4  by  Drs. 

E.  Elslager  (Elsager,  1970)  and  F.  de  Serres.  IA-4  N -o.xide  was 
prepared  as  reported  previously  (Hulbert  _e^  aJL  , 1974). 

In  vitro  mutagenic  assays 

In  agreement  with  observations  of  Sugimura^)  all  five  compounds  had 
mutagenic  activity  in  vitro.  There  was  a linear  dose  response  within  the 
range  of  drug  concentrations  tested.  The  mutagenic  response  of  strain  TA93 
to  LA-4  N-oxide  represented  the  greatest  deviation  from  linearity. 

Metrifonate  had  the  lowest,  and  hycanthone  had  by  far  the  highest  mutagenic 
activity  (Table  VII).  Rat  liver  micros omes  enhanced  the  mutagenic  activity 
of  LA-4  and  LA-4  N-oxide  on  strain  TAIOO,  but  had  little  or  no  effect  in 
altering  the  mutagenic  effects  of  the  other  drugs  on  either  of  the  two  strains 
of  S.  typhimu rium.  In  agreement  with  earlier  studies  using  a less  sensitive 
strain,  TA1538  (Hartman _e^  ^ , 1975;  Hulbert_et  , 1974),  it  was  found 
that  the  mutagenic  activity  of  IA-4  N-oxide  was  significantly  lower  than  that 
of  LA-4.  Oxamniquine  was  2 times  more  mutagenic  than  LA-4  N-oxide  when 
strain  TAIOO  was  used  but  was  equally  mutagenic  on  strain  TA98  (Table  X). 
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TABLE  X 


RgLa  rive  mutacgnic  activities  of  5 arvri.?chi5t05cm3.1  dr\iC5 

in  ro  and.  i n 


Ccmoound 


Per  cent  or  mutagenac  ac 


1 


In  vitro 


1 
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Hycanthone 
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100 
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1)  If  the  addition  or  rat  liver  microscmes  resulted  in  an  increas 
in  the  number  of  revertants,  the  latter  figure  -.vas  used  in  thi 
tabulation . 

2)  The  values  are  based  on  the  mutagenic  activity  resulting  from 
administ.ration  to  mica  of  a therapeutic  dose  of  ICO  mg/kg, 
Hycanthone  was  administered  I.M.;  the  other  compounds,  orally. 

3)  Based  on  the  number  of  ravertants  in  excess  of  controls  induce 
by  the  total  volume  of  urine  excreted  per  mouse  during  4S  hour 
following  drug  administration. 
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Host -mediated  assay  (Table  VIII). 

Again,  hycanthone  was  by  far  the  most  potent  mutagenic  compound. 
Oxamniquine  and  metrifonate  were  considerably  more  mutagenic  with 
TAIOO  in  this  assay  than  in  vitro  ; v/ith  TA9d  little  or  no  mutagenic  activity 
was  observed.  By  contrast,  LA-4  N-o,xide  and,  to  a lesser  degree,  IA-4 
had  much  lower  activity  in  vivo  than  in  vitro.  In  fact,  when  a therapeuti- 
cally effective  oral  dose  of  IA-4  N-oxide  (100  mg/kg)  was  used,  no  muta- 
genic activity  was  detectable  on  either  strain.  It  is  of  interest  that  IA-4 
and  IA-4  N-oxide  administered  intramuscularly  are  4 times  as  mutagenic 
as  the  same  dose  given  orally. 

Mutagenic  activities  of  urine  from  animals  treated  with  antischistosomal  drugs 

As  was  the  case  in  the  other  assays,  hycanthone  administration  produced 
urine  with  the  highest  mutagenic  activity  (Table  IX).  Furthermore,  highly 
significant  increases  were  noted  when  urine  from  hycanthone -treated  mice 
was  tested  with  TA93  in  the  presence  of  microsomes.  Administration  of 
oxamniquine  and  metrifonate  gave  rise  to  urine  containing  less  mutagenic 
activity  than  the  specimens  following  the  administration  of  IA-4  N-oxide. 
Treatment  of  the  urines  with  beta-glucuronidase  and  arylsulfatase  produced 
no  increase  in  mutagenic  activities  over  and  above  those  observed  with  the 
microsomal  (S9)  fraction.  Consistent  with  the  in  vitro  and  host -mediated 
assays,  administration  of  IA-4  N-oxide  gave  rise  to  a urine  of  lower 
mutagenic  activity  than  that  of  IA-4.  As  seen  in  the  host-mediated  assay, 
intram^uscular  administration  of  IA-4  and  its  N-o.xide  analog  resulted  in 
greater  mutagenic  activity  than  administration  by  the  oral  route. 

While  hycanthone  proved  to  be  by  far  the  most  potent  mutagen  in  all 
three  types  of  assays,  the  relative  mutagenic  activities  of  the  other  four 
compounds  varied  considerably  depending  on  the  nature  of  the  assay 
(Table  X).  In  vitro  , metrifonate  is  the  least  mutagenic,  while,  in  the 
host-mediated  assay,  IA-4  N-o.xide  exhibits  the  lowest  miutagenicity ; 
in  fact,  with  this  compound  mutagenic  activity  was  not  detectable  with 
an  oral  dose  whose  schistosomicidal  activity  is  of  a high  order.  O.xamni- 
quine  gave  rise  to  urinary  products  of  lower  mutagenic  potency  than  that 
of  any  of  the  other  schistosomicides  tested.  Hence,  a complete  evaluation 
of  the  mutagenic  potential  of  a given  compound  requires  the  use  of  several 
assay  procedures. 

Comparative  antis chistos om.al  activities  of  hycanthone  and  two  of  its 
chlor oindazole  analogs 

Results  recorded  in  Table  XI  indicate  that  in  mice  hycathone,  IA-4 
and  IA-4  N-o.xide  are  equipotent  as  schistosomicides  when  administered 
intramuscularly.  However,  when  the  same  unit  dose  is  administered 
orally,  hycanthone  is  less  effective,  while  both  chloroindazoie  analogs 
m.aintain  their  activity.  It  is  noteworthy  that  the  acute  toxicity  (single 
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intramuscular  dose)  of  hycanthone  is  five  or  more  than  12  times  higher 
than  that  of  IA-4  and  IA-4  N-oxide,  respectively. 

In  this  study  we  have  compared  the  mutagenic  activities  of  five  anti- 
schistosomal  compounds  Jn  vitro  as  well  as  under  two  _ui  vivo  conditions. 
Confirming  earlier  studies  (Hartman  _e^  a^  , 1975;  Hulbert_e^^,  1974), 
it  was  found  that  N-o.xidation  of  IA-4  reduces  mutagenic  activity  both 
in  vitro  and  in  vivo  , while  antis chistos omal  activity  was  maintained. 

The  intramuscular  administration  of  either  IA-4  or  IA-4  N-oxide  revealed 
four  times  higher  mutagenic  activity  than  the  oral  administration  of  the 
same  dose.  Yet,  the  antischistosomal  potencies  of  these  two  compounds 
were  equal  when  administered  at  the  same  dose  by  either  of  these  two 
routes.  This  provides  additional  evidence  that  mutagenic  and  schisto- 
somicidal  effects  can  be  dissociated  from  each  other. 

While  with  Salmonella  strains  TAIOO  and  TA98  strongly  positive 
mutagenic  effects  were  observed  in  the  host-mediated  assay  following 
the  administration  of  hycanthone,  Ray_et  (1975)  reported  negative 

results  using  the  same  in  vivo  assay,  but  a different  tester  strain,  TA1534. 
Such  results  could  be  ascribed  either  to  a much  lower  sensitivity  of  this 
strain,  or  to  too  short  an  exposure  of  the  host  to  the  drug  (2  1/2  instead 
of  6 hours)  or  to  an  inadequate  volume  of  fluid  employed  to  retrieve  the 
bacteria  from  the  peritoneal  cavity. 

On  a quantitative  basis,  there  is  a positive  correlation  between 
mutagenic  and  carcinogenic  potencies  among  the  five  antischistosomial 
compounds  tested  in  this  study.  The  high  mutagenic  activity  of  hycanthone 
is  paralleled  by  a significant  hepatocarcinogenic  effect  of  this  compound 
following  the  administration  of  only  a single  dose  of  hycanthone  to  mice 
infected  with  S.  mansoni  (Kaese_e^^  , 1973).  Only  the  most  potent 
carcinogens  induce  neoplasms  after  a single  dose  (Weisburger  and 
Weisburger,  1967).  By  contrast,  a 3 tim.e  higher  doses  of  oxamniquine 
and  of  IA-4  - whose  mutagenic  activities  in  vitro  and  in  vivo  are 
considerably  lower  - failed  to  induce  hepatocarcinomas  under  these 
conditions  (Haese  and  Bueding,  1976).  Similar  positive  quantitative 
correlations  are  provided  by  the  lower  mutagenic  potencies  of  IA-4 
on  yeast  cells  (Meadows  _e^  aT.  , 1973 : von  Bor  stel  and  Quah,  1973), 

Pros  onhila  (Knaap  and  Kramers,  1973;  Kramers  and  Knaap,  1^75), 
and  on  mammalian  cell  systems,  both  in  vitro  (Clive,  1974;  Clive 

, 1Q72)  and  in  vivo  (Green  et  al.  , l<373a  and  l‘^73b;  Sauro  and 
Green,  l‘^73).  Also,  in  contrast  to  hycanthone,  IA-4  failed  to  induce 
either  malignant  transform.ations  of  mammalian  cells  in  vitro  (Hetrick 
and  Kos,  1°73)  or  to  cause  breaks  in  double -stranded  hepatic  DNA  in  vivo 
fSarma_^aN,  1976).  Therefore,  within  this  series  of  compounds,  muta- 
genic potencies  in  Salmonella  paralleled  mutagenic  potencies  in  other 
cell  systems,  including  mammalian  cells,  as  well  as  carcinogenic 
potencies.  Within  the  liniitations  discussed  by  McCann  and  Ames  (1976), 
these  authors  have  reported  other  parallelisms  between  mutagenic  and 
carcinogenic  potencies,  especially  among  structurally  related  compounds. 
Such  correlations  are  by  no  means  complete  because  they  do  not  necessarily 
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apply  to  all  chemicals.  However,  some  discrepancies  might  be  more 
apparent  than  real.  In  fact,  they  might  diminish  or  even  disappear  with 
the  development  of  improved  methodologies  of  the  mutagenic  assay 
systems.  Whether  or  not,  aside  from  hycanthone,  the  other  four 
antis chistos omal  compounds  are,  albeit  weaker,  carcinogens,  could 
be  answered  by  e.Kposing  rodents  throughout  their  life  span  to  these 
compounds.  Results  of  such  studies  would  provide  information  about 
the  carcinogenic  potential  of  relatively  weak  mutagens. 

Evaluation  of  the  mutagenic  and  carcinogenic  potential  of  chemo- 
therapeutic agents  must  include  consideration  of  pharm.akinetic  proper- 
ties as  well  as  of  mutagenic  properties  of  these  compounds  and  their 
metabolites.  Until  a completely  non-mutagenic  antischistosomal  agent 
has  been  developed,  the  mutagenic  properties  of  available  schistosomicides 
should  be  compared  with  each  other  so  that  the  drug  with  the  lowest  muta- 
genic risk  becom.es  recognizable.  In  fact,  a WHO  committee  has  recommend- 
ed that  "where  there  is  a choice  of  several  drugs  of  known  mutagenic  poten- 
tial, the  drug  with  the  smallest  risk  for  the  individual  and  the  population 
should  be  used"  (WHO  Reports,  l^Tl).  Yet,  this  organization  has  failed 
to  apply  such  a rule  to  antischistosomal  compounds  (WHO  Scientific 
Croup,  1-^7  2). 

There  are  very  large  differences  in  mutagenic  activities  of  hycan- 
thone and  IA-4  N-oxide;  yet  in  mice  both  compounds  are  equipotent 
as  schistosomicides.  Furthermore,  the  acute  toxicity  of  IA-4  N-o.xide 
is  more  than  12  times  lower  than  that  of  hycanthone.  Hence,  structural 
modifications  of  the  hycanthone  molecule  have  reduced  m.arkedly  both 
acute  to.xic  and  mutagenic  properties,  while  desired  chemotherapeutic 
activities  have  been  maintained. 
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6 , Experimentally  Produced  Resistance  to  Hveanthone  in  Schistosoma  Mansoni 

Genetically  transferred  resistance  of  Schistosoma  mansoni  to  the  anti- 
schistosomal  drug  hycai\thone  has  been  reported  frora  this  laboratory  (Al).  This 
type  of  drug  resistance  was  observed  in  the  progeny  of  mature  worms  that  had  been 
exposed  to  hycauthone  within  their  host.  Since  we  found  subsequently  that  hycanthone 
resistance  can  occur  also  under  different  conditions  (see  below)  the  term  Type  I 
will  be  used  to  designate  the  drug  resistant  progeny  of  schistosomes  that  had  been 
exposed  to  a single  dose  of  hycanthone  within  their  host  af ter  the  viorms  had  developed 
to  the  adult  stage  (at  least  50  days  after  exposure  of  the  host  to  cercariae) , A 
second  tjqja  of  resistance  (T\’T>e  II)  was  observed  in  the  progeny  of  worms  whose  hosts 
had  been  treated  vjith  hycanthone  when  these  ancestors  had  been  in  an  immature  stage 
(27  to  30  days  after  cercarial  exposure).  The  third  type  of  hycanthone  resistance 
(Type  III)  was  found  in  the  progeny  of  worms  from  hosts  that  had  been  infected  with 
one  sex  of  cercariae,  followed  by  infections  with  the  opposite  sex,  2 to  22  weeks 
thereafter.  Hence,  Type  III  resistance  did  not  involve  exposure  of  the  parental 
generation  to  hycanthone  at  any  time. 

Type  I : Progeny  of  S.  mansoni  whose  hosts  were  treated  with  hycanthone  after 

maturation  of  the  worms. 

As  illustrated  in  Fig.  Al,  this  type  of  drug  resistance  has  remained  stable 
for  21  generations.  The  degree  of  resistance  is  expressed  for  each  generation  as  the 
percentage  of  worms  surviving  7 weeks  after  a dose  of  80  mg/kg  of  hycanthone  admin- 
istered intramuscularly  to  the  host.  It  should  be  noted  that  this  approaches  the 
maximum  dose  tolerated  by  mice  infected  with  mansoni. 

Type  II:  Progeny  of  S.  mansoni  v?hose  hosts  were  challenged  27  to  29  days  after 

cercarial  exposure. 


Hycanthone  resistance  has  been  observed  in  the  progeny  of  worms  that  had  been 
exposed  to  hycanthone  at  an  immature  stage.  \-Then  mouse  hosts  were  treated  27-29  days 
after  infection  with  cercariae  of  mansoni  with  either  60  mg/kg  or  3 mg/kg  of 
hycanthone, and  when  thereafter  the  worms  were  allowed  to  mature  they  gave  rise  to  a 
hycanthone-resistant  progeny.  The  immature  worms,  being  not  susceptible  to  hycanthone, 
matured  to  the  adult  stage.  These  adults  were  susceptible  to  hycanthone  when  the  hosts 
were  challenged  again  with  the  drug.  However,  if  not  exposed  to  the  drug  for  a second 
time,  these  worms  gave  rise  to  hycanthone-resistant  progeny.  The  emergence  of  this 
type  of  resistance  was  restricted  to  the  administration  of  the  drug  at  a relatively 
short  period  during  the  development  of  the  worms  (i.e.,  27  to  29  days  following 
cercarial  infection).  Administration  of  hycanthone  to  the  host  after  shorter  or 
longer  time  intervals  following  exposure  to  cercariae  produced  resistant  progeny 
only  rarely.  It  should  be  noted  that  27  to  29  days  after  infection  of  the  host  with 
cercariae  both  male  and  female  reproductive  systems  are  undergoing  active  develop- 
ment. 


In  five  out  of  six  experiments,  administration  of  60  mg/kg  of  hycanthone  i.m. 
to  the  host  28  days  after  infection  with  a Puerto  Rican  (>.')  strain,  resulted  in 
resistant  progeny.  Several  of  these  strains  were  followed  for  16  generations  and 
the  resistance  levels  of  one  such  genealogy  is  reproduced  in  Fig.  A2.  As  in  Tyne  I, 
resistance  was  reduced  in  some  generations  (e.g.,  increased  subsequently. 

A similar  resistance  was  produced  in  2 out  of  3 experiments  when  a 20  times 
lower  dose  (3  mg/kg)  of  hycanthone  war.  administered  to  mice  28  day.s  after  cercari.il 
infection.  In  one  of  these,  the  resistance  was  maintained  for  16  generations  (Fig.  A3). 


Tlic  production  of  this  type  of  resistance  was  not  limited  to  a single 
strain  (Puerto  Rican  M) ; it  was  observed  also  with  another  Puerto  Rican  strain 
(SW)  and  a St.  Lucian  strain.  With  the  S.W.  Puerto  Rican  strain,  resistance 
was  produced  with  60  mg/kg  in  2 out  of  2 experiments  (28  and  29  days  after 
infection,  respectively) ; in  2 out  of  2 experiments  with  16  mg/kg  (28  to  30  days 
after  infection),  and  in  A out  of  4 experiments  with  3 mg/kg  hycanthone  (27,  28, 

29,  30  days  after  infection,  respectively).  Resistance  was  followed  for  9 gener- 
ations and  is  reproduced  in  Fig.  A4. 

In  yet  another  strain  (from  St.  Lucia)  the  same  type  of  resistance  was 
produced  in  9 out  of  10  experiments,  using  60  mg/kg  i.m.  of  hycanthone,  27,  28, 

29,  30  days  after  cercarial  exposure,  respectively.  In  two  instances  this  resis- 
tance was  followed  for  11  generations  (Fig.  A5) . 

Using  a similar  procedure,  only  occasionally  was  a small  degree  of  resist- 
ance observed  with  either  3 or  60  mg/kg  with  a Liberian  strain  of  S.  mansoni.  With 
another  Puerto  Rican  (WR)  strain,  no  significant  degree  of  resistance  was  induced 
under  the  same  conditions. 

T\7o  progenies  of  hosts  that  had  been  treated  for  28  days  after  cercarial 
exposure  with  another  antischistosomal  agent,  oxamniquine  (35  mg/kg  i.m.  or  orally), 
were  also  found  to  be  resistant  to  both  hycanthone  and  oxamniquine. 

Type  III:  Progeny  of  S.  mansoni  whose  hosts  had  been  infected  with  one  sex  of 
cercariae  followed  bv  infection  with  the  opposite  sex  2 to  22  weeks  thereafter 
(Type  IIi;'. 

When  mice  were  infected  with  only  one  sex  of  cercariae  (either  male  or 
female)  13  to  133  days  prior  to  infection  with  cercariae  of  the  opposite  sex,  the 
progeny  of  the  resulting  adult  worms  was  found  to  exhibit  varying  degrees  of 
hycanthone  resistance.  Mice  were  first  exposed  to  female  cercariae  of  the  Puerto 
Rican  M strain,  and  subsequently,  106  days  later,  to  male  cercariae.  The  progeny 
of  worms  originating  from  such  a sequential  introduction  of  the  trvo  sexes  was 
resistant  to  a high  dose  of  hycanthone  (80  mg/kg).  This  resistance  has  been  main- 
tained at  high  levels  for  12  generations  (Fig.  A6) . Varying  degrees  of  drug  resis- 
tance v;ere  observed  also  when  the  intervals  betoeen  the  introduction  of  the 
cercariae  was  longer  or  shorter.  OTienever  this  was  determined,  resistance  was 
found  to  fluctuate,  but  did  not  appear  to  be  eliminated  in  the  subsequent 
generations  (F2  to  F^) . 

With  another  Puerto  Rican  strain  (SW),  the  progeny  exhibited  approximately 
507„  hycanthone  resistance  over  8 generations  when  the  female  cercariae  giving  rise 
to  the  original  parent  strain  vjere  introduced  107  days  prior  to  the  males. 

When  the  sequence  of  infecting  the  hosts  with  the  two  sexes  was  reversed, 
i.e,,  when  the  male  cercariae  were  introduced  106  days  prior  to  the  females,  the 
progeny  proved  to  be  hycanthone-resis tant  also.  In  the  generation,  in  three  out 
of  four  experiments,  resistance  was  complete  (100%)  and  in  the  fourth  a 50%  level 
of  resistance  was  observed.  In  subsequent  generations,  this  resistance  fluctuated 
to  a much  greater  extent  than  when  the  female,  rather  than  the  male,  cercariae  had 
been  introduced  first.  In  the  first  eight  generations,  there  was  a tendency  towards 
a progressive  decline  to  a complete  loss  of  resistance;  however,  this  was  followed 
by  reappearance  of  a completely  resistant  Fg  generation  and  the  maintenance  of  a 
high  level  of  resistance  in  the  next  two  generations  (Fig.  A7).  The  further  course 
of  this  genetic  transfer  of  resistance  is  currently  being  followed. 


-42- 


The  degree  of  resistance  varied  considerably  depending  on  the  time  interval 
which  was  allowed  to  elapse  between  introduction  of  male  and  female  cercariae.  For 
example,  resistance  to  an  extent  of  45”/o,  31%,  26%,  317,  was  observed  in  when  the 
female  cercariae  were  introduced  46,  31,  144,  273  days  after  the  male,  respectively. 

With  this  type  of  resistance  (Type  III),  there  was  cross-resistance  to  two 
chloroindazole  analogs  of  hycanthone,  IA-3  and  IA-4  (A2),  lA-4  is  equipotent  with 
hycanthone  against  susceptible  strains  while  IA-3  is  slightly  less  active;  yet  a 
subcutaneous  dose  which  is  7 times  higher  than  the  LD  . of  hycanthone  in  the  case 
of  IA-4  (2  g/kg)  and  more  than  10  times  the  LD^q  of  hycanthone  for  IA-3  (3  g/kg), 
complete  resistance  was  observed  in  the  F2  progeny  of  the  sequentially  introduced 
cercariae,  regardless  of  whether  female  or  the  male  cercariae  were  introduced  first. 
Both  types  of  progeny  remained  susceptible  to  two  nitroheterocyclic  antischistosomal 
compounds,  niridazole  and  SQ  18,506. 

Genetically  transferred  drug  resistance  described  in  this  report  cannot  be 
explained  completely  by  selection  of  a preexisting  resistant  strain.  For  example, 
in  TiTJe  II,  immature  worms  gave  rise  to  a hycanthone-resistant  progeny,  x^hereas 
the  parents  themselves  remained  susceptible.  The  possibility  that  hycanthone  treat- 
— ment  resulted  in  the  selection  of  preexistant  hycanthone-resistant  oocytes  is  not 

supported  by  the  observation  that  the  number  of  eggs  produced  by  the  adult  worms  was 
not  reduced  when  3 mg/kg  had  been  administered  28  days  after  cercarial  infection. 

Yet,  under  these  conditions  strong  resistance  was  observed  in  the  progeny  of  two 
strains  of  mansoni. 

Some  genetically  transferred  characteristic  conferring  hycanthone  resistance 
in  the  progeny  is  produced  by  exposure  of  germ  cells  to  hycanthone  at  a brief  period 
during  development  of  the  parasite  (Type  II)  or  by  sequential,  rather  than  by 
simultaneous,  introduction  of  the  tvjo  sexes  of  cercariae  into  the  host.  Since 
hycanthone  resistance  was  found  to  be  maternally  transferred,  the  possibility  of 
extrachromosomal  inheritance  should  be  considered. 

On  the  basis  of  our  observations  with  five  strains  of  £.  mansoni,  it  is  not 
possible  to  predict  in  how  many  strains  any  or  all  of  the  three  types  of  resistance 
can  be  produced.  However,  T>TJe  II  resistance  could  readily  be  produced  in  3 out  of 
5 strains,  and  Type  III  in  both  of  strains,  while  Type  I has  been  found  so  far 
to  occur  in  only  one. 

It  should  be  noted  that  this  is  the  first  reported  instance  of  experimentally 
produced  drug  resistance  in  a parasitic  metazoan  that  appears  in  the  first  generation 
(F^)  following  a single  exposure  of  the  parent  generation.  In  another  helminth 
(Hemonchus  contortus)  drug  resistance  to  thiabendazole  is  seen  after  progressive 
selection  from  a partially  resistant  population  of  worms. 

It  does  not  appear  that  the  ability  of  the  parasites  to  take  up  the  drug  or 
its  metabolites  had  been  altered.  Recent  observations  in  this  laboratory  indicate 
that  after  administration  of  a chloroindazole  analog  of  hycanthone,  I7v-4,  to  which 
hycanthone-resistant  worms  are  cross-resistant,  the  levels  of  this  drug  and  of  its 
metabolites  are  the  same  in  hycanthone-susceptible  and  hycanthone-resistant  schisto- 
somes. Possibly  some  changes  associated  with  pyrimethamine  resistance  of  malarial 
parasites  may  be  analogous,  such  as  reduced  binding  of  the  drug  or  of  its  active 
metabolite,  or  the  synthesis  of  an  increased  amount  of  an  enzyme  whose  activity  is 
inhibited  by  the  drug  (A3).  In  any  case,  as  in  the  case  of  hycanthone  resistance 
of  sc!.ls tosomes,  pyrimethamine  resistance  has  appeared  after  a single  exposure  of 
malarial  parasites  to  the  drug  (.44-46). 
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Some  of  the  drug  resistance  observed  in  this  study  may  have  been  carried 
over  from  an  earlier  stage  of  the  life  cycle  of  the  parasite.  It  is  well  known 
that  immature  stages  (schistosomulae)  are  not  susceptible  to  hycanthone.  This 
nay  be  similar  to  a phenomenon  observed  with  malarial  parasites.  The  occurrence 
of  chloroquinc-resistant  asexual  forms  of  ?.  falciparum  is  contrasted  by  the  lack  of 
chloroquine  resistance  of  the  other  three  human  malarial  parasites.  This  may  be 
related  to  the  fact  that  the  infectivity  of  the  gametocytes  of  the  latter  three 
species  is  destroyed  by  chloroquine,  while  the  sexual  forms  of  falciparum  are 
resistant  to  the  drug. 

Summary.  Genetically  transferred  resistance  to  the  antischistosomal  drug 
hycanthone  can  be  produced  in  some  strains  of  Schistosoma  mansoni  (a)  by  adminis- 
tration of  the  drug  to  hosts  of  adult  schistosomes  (Type  I),  (b)  by  exposure  of 

immature  schistosomes  to  the  drug  v;ithin  their  host,  27  to  30  days  after  infection 
with  cercariae  (Type  II),  and  (c)  by  infection  of  the  host  with  one  sex  of  cercariae 
followed  by  infection  with  the  opposite  sex  13  to  133  days  thereafter  (Type  III). 


-44- 


33NVlS!S3y  °/c 


Fig.  Al.  Maintenance  of  hycanthone  resistance  (Type.  I)  throughout  21  generations. 

Ordinate  indicates  percent'  of  worns  (Puerto  Rican  M strain)  surviving 
challenge  of  the  host  with  80  mg/kg  hycanthone  (i.m.)  56  to  64  days  after 
infection.  P Indicates  parent  strain. 
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Fig.  A3.  Hycanthone  resistance  in  progeny  of  parent  schistosomes  (Puerto 
Rican  H strain)  to  whose  hosts  3 mg/kg  hycanthone  had  been 
administered  (l.m.)  28  days  after  cercarial  exposure.  Ordinate: 
percent  resistance,  P:  parent  strain. 


g/kg 


Fig,  A4.  Hycanthone  resistance  In  progeny  of  Puerto  Rican  (S,W.)  strain  of  parent 

schistosomes  to  whose  hosts  a low  3 mg/kg  (shaded  bars)  or  60  mg/kg  (black 
bars)  of  hycanthone  had  been  administered  (i,m,)  29  days  after  cercarial 
er.posure.  Ordinate:  percent  resistance,  P:  parent  strain. 


llycanthone  resistance  in  progeny  of  parent  schistosomes 
(St.  Lucian  strain)  to  whose  host  60  mg/kg  of  hycanthone 
had  been  administered  (i.m.)  27  days  after  cercarial 
exposure.  Ordinate:  percent  resistance,  P:  parent  strain 
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Fig.  A6.  llycanthone  resistance  (Type  III)  in  progeny  of  mnnsoni  (Puerto 
Rican  M strain)  originating  from  sequentially  introduced  female 
cercariae,  followed  106  days  thereafter  by  male  cercariae. 
Ordinate:  percent  resistance,  P:  parent  strain. 
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Fig.  A6.  Hycanthone  resistance  (Type  III)  in  progeny  of  S.  inansonl  (Puerto 
Rican  M strain)  originating  from  sequentially  introduced  female 
ccrcariae,  followed  106  days  thereafuer  by  male  cercariae. 
Ordinate:  percent  resistance,  P:  parent  strain. 
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